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Abstract—Invasive polycheate tubeworms of the reef-building 
species Ficopomatus enigmatus have taken advantage of reduced 
water levels and increasing salinities since 2007 to become 
established in the Lower Murray Lakes of the South Australia. 
Methods to remotely detect and map reef formations using digital 
aerial imagery in a contextual approach utilizing both image 
analysis and GIS processing with bathymetric data were explored 
and yielded a high level of accuracy for area estimation. Green 
band (495-570 nm) image data yielded optimal edge detection for 
the reef structures. While reefs continue to expand in number 
and size in the newly established areas of Lake Alexandrina, they 
appear to be declining in their historical habitats in the Coorong 
as conditions have become more marine. As tubeworm reefs 
continue to grow over very large areas and expand their range, 
the methods explored in this study will prove invaluable for 
management efforts in the future. 
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I.  INTRODUCTION  
The Lower Lakes, Murray Mouth and Coorong in South 
Australia are a Wetland of International significance under the 
Ramsar Convention, and are registered as an icon site under 
The Living Murray initiative. As the estuary of Australia’s 
largest river system, the ecological condition of these wetlands 
has declined considerably in recent years due to reduced 
rainfall in the Murray Darling Basin. Low flow in the lower 
reaches of the river Murray had resulted in dropping water 
levels in the Lower Lakes, which fell below sea level in the 
summer 2007/08. Temporary seawater leakage through the 
barrages separating the freshwater lakes from the Coorong 
caused not only an increase in salinity, but also brought in 
larvae of marine and estuarine organisms which established 
populations in Lake Alexandrina, where they had not occurred 
before. One species in particular, the tubeworm Ficopomatus 
enigmaticus (Polychaeta: Serpulidae), was of major concern. 
This species builds reefs of calcareous tubes and rapidly 
colonizes natural substrate, such as shells of tortoises and 
Velusunio mussels, causing fatalities due to the weight of the 
attached tubes. The worms also colonize man-made structures, 
including barrages, boats, bridge pylons and jetties. The rapid 
spread of this species through the system necessitated 
investigations into how reef formations could be detected and 
mapped remotely using available digital aerial imagery, which 
is flown biannually over the region.  
Three years of reef growth in Lake Alexandria and highly 
variable water levels and water quality over the period have 
meant that Ficopomatus reefs are only now beginning to reach 
a size amenable to remote detection. However, the longer term 
presence of Ficopomatus in the adjoining Coorong coastal 
lagoon under brackish conditions in the past through to the 
current marine conditions means that larger reefs are present. 
Mundoo Channel was chosen as a suitable location within the 
Coorong for examining worm reef growth over time, because 
it is geomorphically part of the Lower Lakes rather than the 
Coorong, and is a connecting channel between the Murray 
Mouth and Lake Alexandrina. During normal lake levels fresh 
water flow would occur either through the Mundoo Channel 
barrage or connecting creeks on Hindmarsh Island into the 
channel resulting in brackish conditions. This would have 
created conditions highly suitable for Ficopomatus 
colonization in the past. The aims of this part of the study 
were, therefore, to determine how effectively remote sensing 
could be used for detecting and mapping Ficopomatus reefs 
and how well these techniques could be used for examining 
changes in reef size. 
II. METHODS 
A. Datasets 
The digital aerial imagery used in this study was obtained 
for two dates – January 2003 and March 2008 at 30 cm and 50 
cm resolution, respectively, and was already orthorectified to 
Geodetic Datum of Australia 1994, Zone 54. It consisted of 
three bands: blue (450-470 nm), green (495-570 nm) and red 
(620-700 nm). The 2003 imagery was obtained from the South 
Australian Department for Environment and Heritage and the 
2008 imagery was obtained from the South Australian Murray 
Darling Basin Natural Resources Management Board. 
B.  Remote Sensing of Ficopomatus Reefs  
Remote sensing has been widely used in the study of coral 
reefs [1], [2] and less so in the study of serpulid reefs due to 
their smaller spatial extents. A number of techniques have 
been used for detection and mapping of serpulid reefs, but 
usually relate to studies carried out in deeper water. Sonar has 
been used to detect small tubeworm formations in Delaware 
Bay [3] and for the detection and mapping of polycheate 
tubeworm reefs in the UK [4], [5]. Video transects have also 
been used for mapping serpulid reef coverage [6]. In the 
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Coorong, Ficopomatus reefs occur at shallow depths, and in 
Mundoo channel these depths are generally up to 0.7 m below 
mean sea level, meaning that techniques such as sonar would 
not be suitable. Sonar does not operate effectively in depths 
below 0.5-1m. Video transects mapping might be possible at 
high tide, but would be a spatially limited and labour intensive 
means of gathering data [7]. Shallow water LIDAR is an 
effective means of mapping reefs in low turbidity 
environments [8], but is a high-cost form of data acquisition. 
Remote sensing using high resolution imagery, such as the 
imagery utilised in this study, has been shown to be highly 
effective in mapping reefs structures in shallow water 
environments [9], [10]. 
For the purposes of long term monitoring of the 
Ficopomatus reefs, assessments of change in area, and testing 
detection and mapping techniques in Mundoo Channel, a 
random sample of reefs were measured during fieldwork in 
2009. Areas were obtained by walking around the perimeter of 
each of the 48 reefs surveyed with DGPS. This was a 
somewhat difficult task carried out in water up to waist deep 
and sometimes in deep soft sediments. Following fieldwork 
the polygons relating to each reef formation were extracted 
into ArcGIS 9.3 to calculate areas and polygon centroids. This 
dataset provides baseline information which can be used for 
future assessments, and also served as a reference dataset for 
accuracy assessment of the spatial analysis methods used to 
detect reefs in the digital aerial imagery. 
The small size of the majority of worm mounds present in 
Lake Alexandrina has meant that until relatively recently, 
there has been limited capacity to detect them using remote 
sensing. The best available and most recent digital aerial 
photography for the Lower Lakes for March 2008 has 50 cm 
resolution, and was taken at a time when most reefs would 
have been in their first few months of growth. While some of 
the sites mapped out in Goolwa Channel with DGPS are just 
visible, they are not yet measurable or amenable to detection 
using remote sensing techniques. The Mundoo Channel reefs 
are, however, and their areas can easily be calculated by either 
visual interpretation and measurement in ArcGIS 9.3 or 
through automated means. A simple technique was tested and 
applied through Remote Sensing and GIS software that can be 
used to map Ficopomatus reef extents under suitable 
conditions. 
A digital aerial image is comprised of three colour bands, 
and most information on water characteristics is normally 
found in the blue portion of the electromagnetic spectrum, 
with the green and red portions allowing for detection of 
subsurface features in relatively shallow water [11]. As 
Ficopomatus reefs grow in clear shallow water in the Coorong 
they can be detected easily against the light colored sediments 
on which they grow. However, the success of detection via 
remote sensing will depend upon the illumination conditions, 
water clarity and water surface roughness at the time of 
imaging. Utilising spectral profiles generated using ERDAS 
Imagine 9.3 across Ficopomatus reefs in Mundoo Channel it 
was possible to determine how best to detect reefs from the 
available imagery. Spectral profiles across 20 reefs were 
assessed statistically and it was found that the greatest 
differentiation between the reefs and the underlying sediments 
occurred in the green band (B2). It is apparent that a spectral 
threshold exists between the reef and its surroundings. 
Consequently, for this image, a threshold in the pixel values in 
B2 was chosen to detect reefs in Mundoo Channel. The same 
process applied to the Jan 2003 imagery, which had different 
illumination conditions, yielded a lower threshold in B2 pixel 
values. This relatively simple process yielded more accurate 
results than multispectral classification methods utilized in 
other studies [8], the success of which tends to be scene and 
application specific [11]. 
Following determination of the thresholds for reef 
detection, processing was undertaken in ArcGIS 9.3 Spatial 
Analyst to automatically extract and map all reef occurrences 
in Mundoo Channel. The Mundoo Channel fieldsite was 
subsetted from the two dates of digital aerial imagery and B2 
extracted as ArcINFO GRIDs. All pixels below the thresholds 
identified in B2 were then extracted and converted to vector 
polygons. This yielded a large number of polygons across the 
image which were then filtered to remove irrelevant features. 
This was done as a three step process in which first a water 
mask was applied to remove all polygons outside of the 
channel and then a depth mask was applied to exclude all 
features which were not in the depth range (0 to -0.69 m 
AHD) for Ficopomatus reefs, based on their occurrence within 
the Mundoo Channel fieldsite. A high resolution (2 m cell 
size) interpolated bathymetric dataset was used for water 
depth. The resultant dataset contained a large number of either 
very small polygons and very large polygons, some of which 
were clearly related to Ficopomatus reefs, and others which 
most likely relate to other debris, algal beds and submerged 
macrophytes. It was necessary to apply additional processing 
by spatial filtering to remove the non-Ficopomatus features. 
Polygon areas were then calculated in ArcGIS 9.3 and, based 
on the observed size range of 1 m2 to 145 m2, as measured 
during fieldwork using DGPS, only polygons within this range 
were extracted. This process effectively mapped all reefs 
present in the imagery and produced area estimates which 
could be subjected to an accuracy assessment process. The 
overall multi-step process for the detection and mapping of 
Ficopomatus reefs in Mundoo Channel combines both remote 
sensing and GIS techniques in a contextual approach which 
utilizes not only the spectral properties of the features under 
investigation, but also depth, location and size. This is a more 
object-oriented approach, which has been shown in many 
studies to be more effective at object recognition and 
classification in relation to reef detection [2].  
The accuracy of the methods described above to detect 
Ficopomatus reefs in Mundoo Channel was assessed by 
comparing the areas derived from the detection algorithm to 
the areas measured by DGPS during fieldwork. This was done 
for 45 reefs mapped in Mundoo Channel. This is a standard 
accuracy assessment process by which ground reference data 
are compared to the results of the classification technique [12]. 
Both the collection of DGPS data and calculation of reef areas 
from that data and the automated extraction process are likely 
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to possess different forms of error. The polygons created from 
DGPS data collection are dependent on the interval of data 
logging and accuracy with which perimeters were traversed, as 
well as spatial accuracy errors inherent in the instrument. The 
polygons detected from the imagery are dependent on water 
clarity, the presence of other features, the thresholds chosen 
and resolution of the imagery. 
The period 2003 to 2008 covered by the most recent 
imagery was of particular interest in this study as there appears 
to have been a decline in many of the reefs present in Mundoo 
Channel. Changes in reef structures over this period were 
assessed by manually digitizing polygons over 50 randomly 
chosen reefs on the imagery in ArcGIS 9.3, and calculating 
their respective areas. While the automated methods described 
above could have been used in this process, area 
measurements are likely to be sensitive to choice of threshold 
levels, making interdate comparisons less reliable. Visual 
interpretation by an analyst familiar with the area on the other 
hand is likely to achieve consistent results across multidate 
imagery [11]. Areas calculations on the 50 reefs digitized in 
the two image dates were compared to determine whether 
changes had occurred between 2003 and 2008. 
III. RESULTS AND DISCUSSION 
The results of the combined spectral and contextual 
approach showed that the imagery could be used to effectively 
detect and map Ficopomatus reefs in Mundoo Channel. Some 
misclassification is likely to occur due to the presence of algal 
mats and other objects in the channel which may have similar 
spectral properties to the reef formations. The presence of dark 
colored reef structures overlying light colored sediments is 
critical to the success of this approach. Where reefs are lighter 
in color or where sediments are rich in organic matter it may 
be less effective. The shallow depths at which Ficopomatus 
occurs in the Coorong and Lower Lakes are ideal for sensing 
via high resolution imagery. Greater spectral information 
available through multispectral or hyperspectral imagery 
would improve the separation of reefs from other features but 
would involve more complex algorithms and greater cost of 
acquisition. Higher levels of turbidity in the Lower Lakes than 
in the Coorong may also make reef formations more difficult 
to detect. 
The accuracy of the methods described above to detect 
Ficopomatus reefs in Mundoo Channel was assessed by 
comparing the areas derived from the detection algorithm to 
the areas measured by DGPS during fieldwork. This was done 
for 48 reefs and the relationship between the two measurement 
methods is shown in Figure 1. Both measurement methods are 
likely to contain different sources of error, but the results 
showed a high level of concurrence, with a R2 value of 0.94. 
This indicates that automated methods of detection of reefs 
using digital aerial imagery are both feasible and accurate. In 
future years, unless there is a dramatic change in salinity 
conditions in the Lower Lakes, these methods will be useful to 
management agencies for the detection and mapping of reef 
formations. At current rates of growth, up to 30-40 cm/yr in 
Goolwa Channel, many of the reefs present there will be larger 
than 1m2 in area by the end of the 2009-10 summer, 
particularly as many proximal smaller formations coalesce, 
and will be of suitable size for detection using these 
techniques. These methods should be tested against the next 
run of aerial imagery for the lakes which occurred in early 
2010.  
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Figure 1.  Accuracy assessment for automatic area estimation of Ficopomatus 
reefs. 
A. Changes in Ficopomatus reefs 2003-2008 
Visual inspection of the imagery indicated that there has 
been a decline in the condition and size of many reefs present 
in Mundoo Channel between 2003 and 2008. Observations 
made during fieldwork support this hypothesis as many of the 
reefs appeared to be in poor condition and not actively 
growing, when compared to the active reefs in Goolwa 
Channel. Many were broken apart and the centers of 
individual reefs are dead and almost completely disintegrated, 
which is typical of older formations and is due to 
accumulation of sediments in the core [13]. As reefs break up, 
the smaller pieces may disperse or sink into the surrounding 
soft sediments. 
For the 50 reef formations examined for change between 
2003 and 2008, some increased in size but the majority 
showed a reduction in total area. The area measurements for 
the two image dates are shown in Figure 2. Reef size in these 
samples varied from 3.20 m2 to 111.07 m2. The mean reef size 
was 35.61 m2 in 2003 and 30.30 m2 in 2008. The percentage 
change in reef size is shown in Figure 36 and ranged from an 
increase of approximately 36% to a reduction of 
approximately 42%. The mean change over the period was      
-13.35 %. This indicates that the reefs in Mundoo Channel are 
static or have declined in size in recent years, and this may be 
due to increased salinities in the North Lagoon of the Coorong 
as result of a lack of freshwater flows over the barrages.  
Although Ficopomatus can tolerate a wide range of salinity 
conditions, its usual distribution is in brackish coastal waters 
[14] and its optimal salinity range is below the current 
salinities in Mundoo Channel. It appears that Ficopomatus 
growth is more pronounced in the lower salinities such as 
those presently found in Goolwa Channel in Lake 
Alexandrina, and if the salinity of the Lower Lakes were 
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increased through management actions such as the 
introduction of seawater, this may have a negative effect on 
growth in Goolwa Channel. It will, however, increase 
salinities deep into the Lower Lakes, creating optimal 
conditions for growth and possibly exacerbating the spread of 
Ficopomatus.  
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Figure 2.  Areas of Ficopomatus reefs in Mundoo Channel 2003-2008. 
IV. CONCLUSIONS.  
This study has shown it is possible to detect reefs with a 
high degree of accuracy using digital aerial imagery, but this 
will depend on water clarity and reefs reaching sufficient size 
for detection. A simple method for detection is proposed here 
which involves a combined remote sensing and contextual GIS 
approach, and which could be easily applied by managers in 
the future. As of 2010, some reefs in Goolwa Channel are now 
of suitable size for detection via remote sensing. Continued 
monitoring and development of these techniques should 
continue in future aerial imaging over the Lower Lakes. 
Higher resolution imagery will improve the accuracy of this 
process. 
Historical imagery indicates that there has been an increase 
in the number of reefs in Mundoo channel since the 1960s, 
although since 2003 these appear to have been in decline with 
a mean reduction in area of approximately 13%. Reefs in 
Mundoo Channel currently can be observed up to 250 m2 in 
size. Over time, the tens of thousands of small reefs currently 
present in the Lower Lakes have the potential to grow to this 
size or larger, given the more favorable growth conditions. 
The reduction in reef size between 2003 and 2008 in 
Mundoo Channel may provide some indication of the likely 
effects of higher salinities. Reef growth appears to occur at a 
far slower rate in the higher salinities approaching marine 
conditions. This has implications for flooding of the lakes with 
seawater, an option currently being explored by managers, 
which may reduce growth rates where brackish conditions 
suitable for high growth currently occur but may simply push 
the problem further into the main body of the lakes. 
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